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ABSTRACT: Carboxylated styrene-butadiene (SB) com-
posites reinforced by a mixture of defatted soy flour (DSF)
and carbon black (CB) were investigated in terms of their
dynamic mechanical properties. DSF is an abundant
renewable commodity and has a lower cost than CB. DSF
contains soy protein, carbohydrate, and whey. Aqueous
dispersions of DSF and CB were first mixed and then
blended with SB latex to form rubber composites using
freeze-drying and compression molding methods. At
1408C, a single filler composite reinforced by 30% DSF
exhibited roughly a 230-fold increase in the shear elastic
modulus compared to the unfilled SB rubber, indicating a
significant reinforcement effect by DSF. Mixtures of DSF
and CB at three different ratios were investigated as co-
fillers. Temperature sweep experiments indicate the shear

elastic moduli of the co-filler composites are between that
of DSF and CB composites. Strain sweep experiments were
used to study the fatigue and recovery behaviors of these
composites. Compared with the DSF composites, the re-
covery behaviors of the 30% co-filler composites after the
eight consecutive deformation cycles of dynamic strain
were improved and similar to that of 30% CB composite.
Strain sweep experiments also indicated that the co-filler
composites have a greater elastic modulus than the CB re-
inforced composites within the strain range mea-
sured. � 2007 Wiley Periodicals, Inc. J Appl Polym Sci 108: 65–
75, 2008
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INTRODUCTION

Rubber material needs to be reinforced with fill-
ers and subsequently crosslinked with crosslinking
agents in order to obtain a sufficient modulus for
practical applications. Carbon black derived from ar-
omatic oil in petroleum or from natural gas is the
most common reinforcing filler. Substitution of car-
bon black with renewable fillers has been investi-
gated in recent years. Recent studies have reported
the modulus enhancement of rubbers by natural
materials, for example, soybean products,1–4 oil palm
wood,5 crab shell chitin,6 and bamboo fiber.7 The use
of renewable protein in rubber latex to form compo-
sites was also reported in a few patents8–10 and can
be traced back to the 1930s. For example, Lehmann
et al. demonstrated the use of casein (milk protein)
in natural rubber latex to achieve approximately a

fourfold increase in the modulus.10 Protein as an
additive in rubber materials has also been claimed to
improve the anti-skid resistance of winter tread
tires.11–13 In rubber reinforcement, factors such as ag-
gregate structure, effective filler volume fraction, fil-
ler–rubber interaction and the elastic modulus of fil-
ler clusters all have an important impact on the
moduli of rubber composites.14 Mechanically, the
elastic modulus of base rubber is not significant
when compared with the modulus of the filler net-
work in highly filled elastomeric composites.15 For
some of practical applications, the issue of moisture
sensitivity is always associated with natural materi-
als, but it may be improved through product formu-
lation and/or selective applications. For example,
they may be used as components in multi-layered
structures, in coated objects, in elevated temperature
applications, or as rubber parts formulated with
hydrophobic plasticizer.

DSF is the soy product remaining after soybean oil
is removed from soybean flakes. It is an abundant
and inexpensive renewable commodity. The compo-
sition of defatted soy flour includes soy protein, soy
carbohydrate (insoluble carbohydrate), and soy
whey (soluble carbohydrate).16 DSF has a lower raw
material cost than carbon black. Previously, DSF was
used to reinforce styrene-butadiene rubber and
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showed a significant reinforcement effect in the
small strain region.1 The objective of this investiga-
tion is to investigate the co-filler effect by using a
mixture of DSF and CB as reinforcement fillers.

The rubber matrix used in this study is a styrene-
butadiene (SB) rubber with a small amount of
carboxylic acid containing monomer units. The car-
boxylated SB forms a crosslinked rubber by the
aggregation of ionic functional groups without the
complication of covalent reactions. Carboxylated SB
rubber is classified as an ion-containing polymer. Its
viscoelastic properties are affected by molecular
weight, degree of crosslinking, glass transition tem-
perature (Tg), copolymer composition, the number of
ionic functional groups, the size of ionic aggregation,
the degree of neutralization, and the size of the neu-
tralizing ions.17,18 The film structures of carboxylated
latexes also showed a honeycomb-like pattern due to
a higher concentration of carboxylic acid groups on
the particle surface.19 For filler–matrix interactions,15

soy protein contains a significant amount of carboxy-
lic acid and substituted amine groups20 to interact
with the polymer matrix. Soy carbohydrates can also
interact with carboxylic functional groups in the SB
matrix through hydrogen bonding and ionic interac-
tions. Structurally, soy protein is a globular protein
and its aggregate is similar to colloidal aggregates,
but soy carbohydrate is a non-globular, film-like
material.1,2 Although ionic interactions can occur
between these soy products and carboxylated SB, the
condensation reactions do not occur under alkali
conditions between the carboxyl groups of SB and
the major functional groups such as hydroxyl, car-
boxyl, thiol, amine, and amide groups in DSF.

EXPERIMENTAL

Materials

The defatted soy flour (Nutrisoy 7B) used in this
research was a spray dried powder (Archer Daniels
Midland Company, Decatur, IL). The DSF contained
� 53% soy protein and had a protein dispersibility
index (PDI) of � 90. Sodium hydroxide, used to
adjust pH, was ACS grade. Aqueous dispersions of
carbon black N-339 (Sid Richardson Carbon Co., Fort
Worth, TX) were prepared by dispersing � 100 g of
carbon black (CB) in water with the aid of a surfac-
tant, sodium lignosulfonate (Vanisperse CB, Ligno-
tech USA, Rothschild, WI). The weight fraction of
the surfactant based on carbon black is 3%. The dis-
persion was homogenized at 104 rpm for 1 h. The
resulting CB dispersion had a solid content of 12.7%.
The carboxylated styrene-butadiene (SB) latex was a
random copolymer of styrene, butadiene, and small
amount of carboxylic acid containing monomers (CP
620NA, Dow Chemical Company, Midland, MI). The

glass transition temperature of carboxylated SB Latex
is � 108C as determined by differential scanning cal-
orimetry. The styrene/butadiene ratio estimated
from the glass transition temperatures of a series of
commercially available carboxylated styrene butadi-
ene (Mallard Creek Polymers, Charlotte, NC) was
� 65/35. The dried latex is not known to be soluble
in any solvent or combination of solvents. The latex
received had � 50% solids and a pH � 6. The vol-
ume weighted mean particle size of the latex was
� 0.18 lm.

Preparation of elastomer composites

In this study, freeze-drying and compression mold-
ing methods were used instead of a casting method
because there is a density difference between DSF
and CB. Using a casting method may produce a less
homogeneous sample due to different precipitation
rates of DSF and CB. DSF was first dispersed in
water at � 10% concentration, pH � 10, and 558C
for 1 h. The cooled DSF dispersion was then blended
homogeneously with carbon black dispersion at
three different dry weight ratios (1 : 3, 1 : 1, and 3 : 1).
The SB latex, previously adjusted to pH 9, was then
added to the filler mixture and mixed homogene-
ously to form composites with three different filler
contents (10, 20, and 30 wt %). The homogeneous
composite mixtures were then quickly frozen in a
rotating shell freezer at about 2408C, followed by
freeze-drying in a freeze-dryer (LABCONCO, Kansas
City, MO). The moisture content of dried composite
crumb is less than 2%. The freeze-dried crumb was
then compression molded in a plunge type mold at
69 MPa and 1408C for 2.5 h. After compression
molding, the samples were relaxed and further
annealed at 95, 110, and 1408C for 24 h, respectively.
The annealing is used to dry the samples because
moisture behaves as a plastiscizer for DSF and has
an effect on composite moduli. The torsion bars of
100% carboxylated SB rubber and DSF were also
prepared using the same process as that of the co-fil-
ler composites. The dried samples had moisture con-
tent less than 0.8% as measured by halogen moisture
analyzer (Mettler Toledo HR73) at 1058C for 60 min.
For comparison, DSF and CB composites were pre-
pared by using the same procedure as that of co-fil-
ler composites. The densities of DSF, CB, and SB
were measured by using a density bottle (Gay-Lus-
sac bottles) with a low viscosity poly(dimethylsilox-
ane) as the immersion liquid.

Dynamic mechanical measurements

A Rheometric ARES-LSM rheometer (TA Instru-
ments, Piscataway, NJ) with TA Orchestrator soft-
ware v 7.1.2.3 was used for the dynamic mechanical
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measurements. To study thermal mechanical proper-
ties of the composites, temperature ramp experi-
ments were conducted using torsion rectangular
geometry with a heating rate of 18C/min in a tem-

perature range from 2708C to 1408C. When using
torsion rectangular geometry, torsional bars with
dimensions of � 40 mm 3 12.5 mm 3 5 mm were
mounted between a pair of torsion rectangular fix-
tures and the dynamic mechanical measurements
were conducted at a frequency of 0.16 Hz (1 rad/s)
and a strain of 0.05%.

To study the stress softening effect, strain sweep
experiments were conducted using a torsional rec-
tangular geometry to measure the oscillatory storage
and loss moduli, G0(x) and G00(x). The shear strain-
controlled rheometer is capable of measuring the os-
cillatory strain down to 3 3 1025% strain (TA Instru-
ments, Piscataway, NJ). The rheometer was cali-
brated in terms of torque, normal force, phase angle,
and strain using the instrument’s standard procedure.
A rectangular sample with dimension of � 12.5 mm
3 20 mm 3 5 mm was inserted between the top and
bottom grips. The gap between the fixtures was� 7 mm
in order to achieve a strain of � 14%. A sample
length shorter than 5 mm is not desirable because of
the resulting shape change from the clamping at
both ends of the sample. The frequency used in the
measurements was 1 Hz. The oscillatory storage and
loss moduli were measured over a strain range of

Figure 1 Storage moduli of DSF/SB and CB/SB compo-
sites. The weight fraction of filler is shown at the end of
each curve.

Figure 2 Elastic and loss moduli of co-filler composites. The weight fraction of co-filler is indicated at the end of each
curve. The co-filler ratios are shown on the graphs.
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� 0.007%–14%. The actual strain sweep range is lim-
ited by sample geometry and motor compliance at
large strain, and transducer sensitivity at small
strain. The data that was out of the transducer range
was rejected. Although harmonics in the displace-
ment signal may be expected in a nonlinear material,
a previous study21 indicated that the harmonics are
not significant if the shearing does not exceed 100%.
Each sample was conditioned at 1408C for 30 min to
reach an equilibrated dimension and then subjected
to eight cycles of dynamic strain sweep in order to
study the stress softening effect. The delay between
strain cycles was 100 s. For clarity, only data from
the first, fourth, and eighth cycles are presented in
the figures. To measure the recovery curves, the
samples that had been subjected to the eight strain
cycles were allowed to recover at 1408C for 24 h
before they were subjected to one cycle of strain
sweep.

RESULTS AND DISCUSSION

Thermal mechanical properties of
single-filler composites

Figure 1 shows the elastic moduli of single-filler
composites. Previous studies4 indicated that soy pro-
tein and CB reinforced composites had a percolation
transition at less than 8 wt % filler fraction, above
which a logarithmic plot of modulus vs. filler frac-
tion is linear. For the current system of soy protein
and carbohydrates, it is likely that the range of filler
fractions in the composites is also above the percola-
tion threshold, which means the fillers can form a
network due to the presence of a sufficient number
of filler aggregates in the rubber matrix. At 1408C,
the 30% DSF composite has a G0 of 29.35 MPa com-
pared to 0.124 MPa for the G0 of SB. The significant
increase 230-fold of G0 is most likely due to the rigid
filler network of the DSF (Fig. 1) and possibly also a
contribution from the immobilized polymer matrix.
For all filler fractions, DSF composites have a signifi-
cantly greater G0 than CB composites within the rub-
ber plateau region. The comparison is based on the
weight fraction of filler, which is relevant to the eco-
nomic value of the filler. DSF has a density of 1.41
gm/cm3 and CB has a density of 1.73 gm/cm3.
Therefore, DSF has a greater volume fraction than
CB at the same weight fraction and the reinforce-
ment effect is proportional to the volume fraction
instead of the weight fraction when other factors are
equal. These other factors, including the aggregate
size of the filler, filler–filler interactions, and filler–
rubber interactions, also contribute to the observed
modulus behavior. The number average size of dry
DSF is � 6 lm after correcting for the swelling effect
in water. The number average size of CB aggregates4

is � 0.3 lm. When other factors are equal, a filler
with smaller particle size generally gives rise to a
greater reinforcement effect. However, the stronger
DSF composites are mainly due to the formation of a
stronger DSF filler network. Similar trends in the ag-
gregate sizes and filler–filler interactions of other
soy-fillers were also observed previously.1,4 It is
interesting to note that the 20% DSF composite has a
greater G0 than the 30% CB composite. The 20% DSF
composite also has a smaller volume fraction than
the 30% CB composite. This indicates that DSF can
form a stronger filler-related network structure in
the carboxylated styrene-butadiene matrix.

It is also noted that the reinforcement effect in
these freeze-dried samples is less than that prepared

Figure 3 Loss moduli of co-filler composites. The weight
fraction of co-filler is shown at the end of each curve. The
curves are vertically shifted to give a clearer view. The co-
filler ratios are shown on the graphs. The trend of shifting
in G00 maximum is indicated by an arrow.
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by a casting method reported previously1 due to the
difference in their composite structures. In a previ-
ous study,1 the samples prepared by the casting
method were dried at 758C for 72 h and annealed at
110 and 1408C for 24 h, respectively. The greater G0

in composites prepared by the casting method
instead of the freeze-drying method can be ex-
plained by the strength of the filler network. The
casting method is a slow process which allows the
fillers to associate with each other as water evapo-
rates, similar to the phase separation phenomenon in
polymer blends. The freeze-drying method, on the
other hand, produces a homogeneous mixture of fil-
ler and rubber particles by freezing them in a short
period of time, where the filler aggregates are sur-
rounded by the rubber particles because the filler
has a smaller volume fraction in the mixture. Upon
compression molding of freeze-dried crumbs, the fil-
ler network structure is more likely to have a poly-
mer region sandwiched between filler aggregates
compared to the filler network structure produced
by the casting method. With the same filler, filler ag-
gregate size, and filler volume fraction, a filler net-
work with more polymer regions between filler

aggregates is softer than a filler network without
polymer mediation. Therefore, the polymer media-
tion model22 is adequate in explaining these differen-
ces. Another potential variable is that the composites
prepared by the freeze-drying method may have a
thicker polymer region between filler aggregates and
thus have a softer filler network structure because
the rigid immobilized polymer layer is likely to
extend only a few nanometers23 outward from the
filler surface.

Thermal mechanical properties of
co-filler composites

Figure 2 shows elastic and loss moduli of co-filler
composites at three different co-filler ratios. The gen-
eral features of G0 over the entire temperature range
for the three different co-filler ratios are similar and
can be understood from the G0 of their individual
components shown in Figure 1. G00 of co-filler com-
posites are shown in Figures 2 and 3. Small shifts of
less than 28C towards a higher temperature are seen
in the mixtures of G00 as the filler concentration
increases. The shifting of G00 maximums to a higher

Figure 4 Loss moduli of co-filler and single filler composites. The weight fraction of co-filler is shown at the end of each
curve. The weight fraction and filler type of single filler composites are also shown near their curves. The co-filler ratios
are also shown on the graphs.
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temperature as the filler concentration increases are
less than 28C. Although the extent of shifting is
small, the trend to shift with the increasing co-filler
content is clear and it appears to shift more in the
composites with higher CB content. This may indi-
cate that the smaller size of the carbon black aggre-
gates does have some effect in increasing the fraction
of immobilized polymer chains. Figure 4 shows that
the comparison of G00 maxima of the co-filler and
single filler composites. For the 10% composites,
there is not much difference in the width of the loss
maxima. But, for the 30% composites, the co-filler
composites have a broader G00 maxima than either
CB or DSF single filler composites, especially on the
high temperature side of the peak. This indicates
that there are different relaxation modes of the poly-
mer matrix because different parts of the polymer
matrix are immobilized by the co-fillers to a different
extent. The damping behaviors of these co-filler com-
posites are shown in Figure 5. It follows the general
trend of decreasing value as the filler concentration
is increased. In the rubbery region, the tan d values
at 1408C are similar for all co-filler composites and
are within the range of 0.11–0.14, which is slightly
higher than the tan d values (0.07–0.10) of the carbon
black composites shown in Figure 6. In the glass
transition region, the tan d values of co-filler compo-
sites are greater than that of DSF composites, but
smaller than that of CB composites, similar to the
relationship observed in their G0 values. The magni-
tude of tan d has practical importance in some rub-
ber applications. For example, in tire applications, a
rubber composite that has a smaller tan d value
tends to have a reduced rolling resistance and save
energy, while a larger tan d tends to have an
improved skid resistance and wet grip. The ability
of DSF to absorb some moisture in a wet state tends
to reduce G0 and increase tan d, leading to better wet
traction.

For practical purposes, the G0 of all co-filler rein-
forced composites are summarized in Figure 7. The
elastic moduli of co-filler composites are within the
boundaries set by the DSF and CB composites. Com-
pared to CB composites prepared by the same proce-
dure, all co-filler composites showed a greater elastic
modulus in the rubber plateau region. This indicates
that the substitution of CB with more economical
DSF leads to an increase in the elastic modulus of
the composite, but with a reduced filler cost. Com-
paring with DSF composites, the co-filler reinforced
composites have a lower elastic modulus, but they
have a better recovery behavior due to the presence
of CB. The recovery behavior of these composites
will be discussed in their stress softening effect. For
10% composites in Figure 7, the G0 values of co-filler
composites increase directly with DSF content, likely
due to a stronger DSF related filler network struc-

ture. However, for the 20 and 30% composites, there
is no simple trend, possibly due to a more compli-
cated nature of co-filler complexes.

Fatigue and recovery

The stress softening effect of co-filler composites is
shown in Figure 8. The retention of G0 in the small
strain region can be used to evaluate the instant re-
covery behavior after the eight cycles of strain defor-
mation. Thus, the G0 at 0.05% strain in the eighth
cycle of the composites shown in Figure 8(a,b,c)
retains 72%, 69%, and 70% of their first cycles,
respectively. Comparing with the retention of � 60%
G0 for the DSF composite and � 71% G0 for the CB
composite, co-filler reinforced composites show a
similar G0 retention to that of the CB composites.

Figure 5 Loss tangent of the co-filler composites. The
weight fractions of the co-fillers and the co-filler ratios are
shown on the graphs.
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In addition to the instant recovery behavior,
strain-dependent recovery moduli were also mea-
sured after the deformed composites were recondi-
tioned at 1408C for 24 h. These recovery curves are
identified in Figures 8, 9, and 10 as R. About 30%
co-filler composite with 1 : 3 co-filler ratio recovered
87% of its initial modulus and is about the same as
that of 30% CB composite. 1 : 1 and 3 : 1 co-filler
composites with 30% filler content also show a total
recovery of G0 after reconditioning. The recovery
curves in Figure 8 also indicate that the composites
with a higher concentration of CB tend to have bet-
ter recovery behavior. In addition, the moduli of re-
covery curves for both 1 : 1 and 3 : 1 composites
exceeded the moduli of their first strain cycles. This
is an indication that the samples prepared by the
freeze-drying method are in a homogeneous state,
but are not necessarily in an equilibrium state. The
perturbation of composite structure by the strain
cycles appears to cause the filler structure to rear-
range and form a slightly stronger structure through
the improved connectivity between filler aggregates.

For loss modulus under consecutive strain cycles,
the energy dissipation processes of 1 : 3, 1 : 1, and 3 :
1 co-filler composites (Fig. 8) became less pronounced

and their maxima were shifted from � 1.2% strain,
0.52% strain, and 0.5% strain to � 1.1% strain, 0.33%
strain, and 0.19% strain, respectively. It appears that
the extent of shifting increases directly with the CB
content in the co-filler composites. The structure re-
sponsible for the energy dissipation process is obvi-
ously reduced after the first three cycles. A loss
maximum of a composite that occurs at a larger %
strain indicates a more elastic structure, which
requires a greater extent of deformation to break
down the filler related structure. It is also noted that
G0 maximums occur in the small strain region in
Figure 8. These G0 maximums are similar to the pre-
vious observation on the soy protein filled rubber
composites.4

For 20% co-filler composites (Fig. 9), the elastic
moduli and recovered G0 behave similarly to that of
30% co-filler composites. To further analyze the
major contribution of this behavior, the strain de-
pendent behaviors of the composites with 20% DSF
or CB filler were measured and shown in Figure 10.
Figure 10(a) shows that the recovery curve of the
DSF composite did not exceed the G0 of the first
cycle, but Figure 10(b) shows that the recovery curve
of the CB composite exceeds the G0 of the first cycle.

Figure 6 Loss tangent of co-filler composites. The weight fractions of the co-fillers and the co-filler ratios are shown on
the graphs. The weight fraction and filler type of single filler composites are also indicated.
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This is an indication that CB is responsible for the
structure rearrangement in the co-filler composites.
The observation is likely due to the ability of smaller
CB aggregates to diffuse in a softer rubber matrix
and form a more connected filler related network.

For the loss tangent properties at 1408C, the magni-
tude of tan d for the co-filler composites roughly fol-
lows the additive rule of individual fillers, where tan
d decreases as the CB content is increased in the
composites.

Reversible strain-dependent behavior

Payne24–26 reported the reduction of shear elastic
modulus with increasing strain on carbon black
filled rubbers in the early 1960s. Later Kraus27 pro-
posed a phenomenological model based on Payne’s
postulation of filler networking. The model is based
on the aggregation and de-aggregation of carbon
black agglomerates. In this model, the carbon black
contacts are continuously broken and reformed
under a periodic sinusoidal strain. Based on this ki-
netic aggregate forming and breaking mechanism
at equilibrium, elastic modulus was expressed as
follows:

G0ðgÞ � G0
‘

G0
0 � G0

‘

¼ 1

1þ ðg=gcÞ2m
(1)

where G0
‘ is equal to G0(g) at very large strain, G0

0 is
equal to G0(g) at very small strain, gc is a characteris-
tic strain where G0

0 2 G0
‘ is reduced to half of its

zero-strain value, and m is a fitting parameter related
to filler aggregate structures. Equation (1) has been
shown to describe the behavior of G0(g) in carbon

Figure 7 Elastic moduli of co-filler composites at 1408C.
The DSF and CB composites are also included for com-
parison.

Figure 8 Strain sweep experiments of composites reinforced by 30 wt % co-filler at 1408C. Co-filler ratios are shown on
the graphs. Only the 1st, 4th, and 8th strain cycles are shown. R indicates the recovery curve after the samples were condi-
tioned at 1408C for 24 h.
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Figure 9 Strain sweep experiments of composites reinforced by 20 wt % co-filler at 1408C. Co-filler ratios are shown on
the graphs. Only the 1st, 4th, and 8th strain cycles are shown. R indicates the recovery curve after the samples were condi-
tioned at 1408C for 24 h.

Figure 10 Strain sweep experiments of composites reinforced by 20 wt % filler prepared by the freeze-drying method: (a)
DSF composite; (b) CB composite. Only the 1st, 4th, and 8th strain cycles are shown. R indicates the recovery curve after
the samples were conditioned at 1408C for 24 h.
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black filled rubber reasonably well.14 The loss modu-
lus and loss tangent, however, do not have good
agreement with experiments,28 mainly due to the
uncertainty in the formulation of a loss mechanism.

The physical meaning of m in the Kraus model
may be obtained from the recent studies by Huber
and Vilgis29 who modeled the Payne effect based on
the cluster–cluster aggregation (CCA) model. They
obtained m 5 1/(C 2 df 1 2), where C is a connec-
tivity exponent related to the minimum path along
the cluster structure and df is the fractal dimension
of clusters. Therefore, the fitting parameter m has a

physical meaning related to filler structures or filler
immobilized rubber structures (a reflection of filler
structure). For DSF, the structure involving soy car-
bohydrate is more complicated and does not fit the
description of the CCA model. However, an empiri-
cal fit is useful to show the difference in their strain
behaviors (Fig. 11 and Table I) between the different
composites. The model fit and standard deviation of
the fit coefficients in Table I were based on 99.73%
confidence level using Igor Pro 4.0 software. In gen-
eral, a smaller fitting parameter m indicates a contin-
uous decrease of G0 with increasing strain and sug-
gests a smoother and continuous breaking up of fil-
ler network structure as the strain is increased. On
the other hand, a larger m indicates a strong struc-
ture at lower strains, which does not yield until a
certain strain is reached. A smaller gc value indicates
that the filler related network structure is less elastic
and breaks down substantially at smaller strains.
From Figure 11 and Table I, the fitting using the
Kraus model is generally acceptable except when a
significant G0 maximum occurs in the small strain
region. Not all the m values of the co-filler compo-
sites are within the range set by those of DSF and
CB composites, indicating that filler related network
structure varies with co-filler ratio and can not be
easily extrapolated from their single filler compo-
sites. For both 20 and 30% single filler composites, m
values are in the range of 0.7–0.9. For the co-filler
composites, m values are in the range between 0.6
and 0.9. Both m and gc values from the composites
prepared by the freeze-drying method are larger
than that of DSF and CB single filler composites pre-
pared by a casting method.1 This again indicates
that the composites prepared by freeze-drying
method have a less brittle structure, likely due to the
polymer mediation effect. In this aspect, the charac-
teristic strain gc has a physical meaning associated
with the brittleness of the composite structures. For
the co-filler composites, it is also observed in Table I
that gc decreases as the CB content is increased, indi-
cating the filler network breaks down at a smaller
strain as CB content increases in the composites.
This may indicate that the filler network structure of
co-filler composites is not as strong as that of the
DSF composites at lower strains when more CB
aggregates are incorporated into the co-filler net-
work, which also implies weaker filler–filler interac-
tions between DSF and CB aggregates. A similar
trend is also observed in 20% co-filler composites
(Table I). When comparing 30% co-filler composites
with 20% co-filler composites, gc increases when the
co-filler fraction is decreased and rubber fraction is
increased (Table I). This is an indication that filler
related network structures become more elastic
when more rubber is incorporated, which causes the
characteristic strain gc to shift to a larger strain.

Figure 11 The composites with 30% filler. The 8th cycle
of strain sweep experiments at 1408C and 1 Hz. Solid lines
are the fit from the Kraus model.
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CONCLUSIONS

At 1408C, a single filler composite filled with 30%
DSF exhibited roughly a 230-fold increase in G0 com-
pared with the unfilled SB rubber. Mixtures of DSF
and CB at different ratios were used as co-fillers to
reinforce carboxylated styrene-butadiene rubber
composites. All composites were made by a freeze-
drying and compression-molding method. Thermal
mechanical measurements of G0 showed that DSF
composites had a significantly greater G0 than CB
composites within the rubber plateau region. Com-
pared to CB composites, all co-filler composites
showed a greater elastic modulus in the rubber pla-
teau region. Although the composites with higher
DSF content had a higher G0, the composites with
higher CB content yielded a better recovery behav-
ior. The composites with � 50% substitution of CB
by DSF appeared to be a compromise and gave a
balanced property between elastic modulus and re-
covery behavior. The Payne effect of DSF, CB, and
co-filler composites at 1408C was interpreted using
the Kraus model. The results indicated that the co-
filler composites with a higher CB content had a
weaker but more elastic filler network structure. This
study demonstrated the use of DSF to partially sub-
stitute CB as reinforcement co-filler produced rubber
composites with an enhanced shear modulus and
reduced cost.

The author thanks various industrial companies mentioned
in the materials section for supplying materials used in
this study, and Dr. S. C. Peterson for proofreading this
manuscript.
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TABLE I
Fitting Parameters for Shear Elastic Modulus Dataa

Composition Best fitb m gc (%) G
0
0 (MPa) G0

‘ (MPa)

30% single filler
DSF 0.94 6 0.09 1.69 6 0.11 27.9 6 0.19 11.4 6 0.60
CB 0.72 6 0.1 1.64 6 0.19 5.84 6 0.06 2.52 6 0.18

30% Co-filler
CB : DSF 5 1 : 3 0.85 6 0.12 1.76 6 0.20 18.1 6 0.13 9.12 6 0.59
CB : DSF 5 1 : 1 0.52 6 0.03 0.72 6 0.04 13.3 6 0.06 7.39 6 0.14
CB : DSF 5 3 : 1 0.71 6 0.13 0.64 6 0.10 8.58 6 0.10 5.26 6 0.23

20% single filler
DSF 0.90 6 0.15 3.01 6 0.35 7.99 6 0.07 3.67 6 0.28
CB 0.80 6 0.17 3.36 6 0.63 1.30 6 0.01 0.94 6 0.04

20% Co-filler
CB : DSF 5 1 : 3 0.90 6 0.25 3.63 6 0.77 2.36 6 0.02 1.59 6 0.10
CB : DSF 5 1 : 1 0.76 6 0.26 2.07 6 0.65 3.28 6 0.04 2.16 6 0.19
CB : DSF 5 3 : 1 0.59 6 0.09 1.10 6 0.16 2.54 6 0.01 1.89 6 0.04

a The data are from the 8th strain cycle measured at 1408C.
b Best fit of shear elastic modulus vs. strain with the Kraus Model.
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